A panel of 15 mouse monoclonal antibodies (MAbs) was raised against five strains of alfalfa mosaic virus (AMV) which were closely related antigenically but biologically distinct. A wide diversity of MAb specificity was revealed by screening them in three formats of indirect ELISA, using native and glutaraldehydefixed AMV particles as well as isolated coat protein preparations. Of these MAbs, seven reacted specifically with only one AMV strain in at least one ELISA format and at least one MAb was capable of identifying each of the strains. One of the MAbs reacted with a cryptotope, whereas the other recognized different subtypes of either metatopes or neotopes, indicating that the AMV particle has a complex antigenic structure. Only two of the MAbs precipitated AMV in agarose gels. Another two, which recognized epitopes on coat protein subunits, also reacted well in immunoblots. One of the precipitating MAbs recognized an epitope which appears to be common to AMV and cucumber mosaic virus.
Introduction
The numerous biological variants of alfalfa mosaic virus (AMV) are antigenically very similar but some minor differences have been detected between some strains using polyclonal antisera (van Vloten-Doting et al., 1968; Roosien & van Vloten-Doting, 1983; Hajimorad, 1989). Monoclonal antibodies (MAbs) are ideally suited for detecting minor antigenic differences between closely related antigens because each MAb is specific to a single epitope. In this paper we describe the production of MAbs to five biologically distinct AMV strains (Hajimorad & Francki, 1988), some of which were more difficult than others to distinguish by a variety of tests with polyclonal antisera (Hajimorad, 1989 ).
Methods
Antigens. The five AMV strains (H4, N20, $30, $40 and Wl) were the same as those used in previous studies (Hajimorad & Francki, 1988 , 1989 . Antigens were either viruses in their native or glutaraldehydefixed forms (Hajimorad & Francki, 1988) , or coat protein subunits prepared by CaCI2 dissociation (Hajimorad & Francki, 1989) . All other virues were from the Waite Agricultural Research Institute Collection, University of Adelaide, Australia. Nicotiana clevelandiileaf protein was prepared by grinding 1 g leaf tissue in 1 ml 10 raM-phosphate buffer pH 7-0 and clarifying the extract at 8000 g for 10 min. Hybridoma production and antibody purification. Three female (2 months old) BALB/c mice were immunized by intraperitoneal injection on day 1 with 200 ktg of a mixture of highly purified native virus preparations of the five AMV strains in equal amounts. Similar injections were given on days 23 and 37. Mouse 1 received an intravenous injection on day 53 and was killed 4 days later. Mice 2 and 3 received a further intraperitoneal injection on day 63. Mouse 2 was injected intravenously on day 80 and killed 4 days later, whereas mouse 3 received three additional injections of a mixture of equal amounts of the coat protein preparations of the five AMV strains, twice intraperitoneally and once intravenously on days 105, 115 and 125, respectively, and was finally killed 4 days after the last injection. All intraperitoneal injections were administered in an emulsion containing an equal volume of Freund's complete adjuvant. Serum antibody titres were monitored by two different indirect ELISA formats (1 and 2, described below), except that a mixture of equal concentrations of the appropriate preparations of the five AMV strains were used as test antigen. The spleen cells of mice having titres of at least 1 : 100000 were fused with P3-X63-Ag8.653 myeloma cells, as described by Dietzgen & Francki (1988) . MAbs were produced in tissue culture or ascites fluid and IgGs were purified as described by Dietzgen & Francki (1988) , except that 1.5 M-glycine containing 3 M-NaC1 pH 8.9 was used as the Protein A-Sepharose (Bio-Rad) binding buffer. IgMs were precipitated by dialysis against distilled water. The precipitate was resuspended in 50 raM-phosphate buffer pH 7.4 containing 150 mt, l-NaC1 and further purified by gel filtration through Sephacryl S-300.
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) and purified by ion-exchange chromatography (Clark & Adams, 1977) .
ELISA. Three formats of indirect ELISA were used for the initial screening of hybridoma culture supernatants and the characterization of purified MAbs. The buffers described by Clark & Adams (1977) were used throughout, except that instead of phosphate-buffered saline, 10 mM-phosphate pH 7-0 was used as sample buffer and both the sample and conjugate buffers contained heparin at a final concentration of 5 units/ml (Dietzgen & Francki, 1987) . Unless indicated otherwise, all incubations were at 25 °C for 2 to 3 h and 100 ktl/well of reagent was used.
To detect MAbs specific for epitopes on dissociated coat protein subunits, AMV subunits, at a concentration of 100 ng/ml in 10 mMsodium acetate pH 6.0 containing 100 mM-CaC12, were bound directly to the polystyrene (format 1).
To detect MAbs that recognized epitopes on the virus particle surface (Smith & Wilson, 1986) , antibody-trapped antigen ELISA (Massalski & Harrison, 1987) was chosen (formats 2 and 3). Microtitre plates were coated with 1-25 ~tg/ml of polyclonal rabbit IgG prepared against glutaraldehyde-fixed AMV. Native homologous and glutaraldehyde-fixed AMV preparations were applied at 1 p.g/ml in formats 2 and 3, respectively.
All subsequent steps were the same for all three ELISA formats. Residual binding sites on the plastic were blocked with 350 lal/well of 1% bovine serum albumin in 0-1 M-NaCI and hybridoma culture supernatants diluted 1 : 5 or purified MAb preparations at 1 ptg/ml were then applied to the microtitre wells. Atfinity-purified anti-mouse IgG (or IgM) that had been conjugated with alkaline phosphatase (Sigma) was used at 1 : 1000 dilution, p-Nitrophenyl phosphate (1 mg/ml) was added and 60 min later the A405 was measured with an ELISA reader (Bio-Rad Model 2550). Mouse preimmune serum and myeloma cell supernatants served as negative controls.
Immunoblotting. Proteins were separated by electrophoresis on slab minigels (Mini-PROTEAN II dual slab cell apparatus, Bio-Rad) using the SDS discontinuous buffer system described by Laemmli (1970) . Separated proteins were detected by staining with silver nitrate (Wray et al., 1981) . Immunoblotting was done as described by Dietzgen & Francki (1988) , except that ethanol was substituted for methanol during the electrophoretic transfer. Nitro blue tetrazolium/phenazine methosulphate/5-bromo-4-chloro-3-indolyl phosphate (Ey & Ashman, 1986 ) was used as the alkaline phosphatase substrate.
Agarose gel irnmunodiffusion tests. Immunodiffusion tests were done in 0.75 % agarose in the appropriate buffer, as described by Hajimorad & Francki (1989) , and intragel cross-absorption tests were done as described by van Regenmortel (1967) . When required, 1 to 3% polyethylene glycol 6000 was added to the agarose to induce precipitin reactions of MAbs (Goding, 1986; Massalski & Harrison, 1987) .
Results

Differentiation of AMV strains
Initial screening with the three ELISA formats of 321 hybridomas derived from three separate fusions revealed that all secreted antibodies to AMV. From these, a panel of 15 MAbs were selected for detailed studies on the basis of their ability to recognize a diversity of epitopes. The salient features of these MAbs are summarized in Table  1 . MAb 1 was the only one which recognized an epitope exposed on all five AMV strains irrespective of whether coat protein subunits or native or fixed virus particles were tested. Four other MAbs (5, 13, 14 and 15) were also unable to differentiate between the virus strains but were able to distinguish the different forms of viral antigens. MAb 5 recognized the coat protein subunits and native, but not fixed, virus particles. MAb 15 recognized native and fixed virus particles but not the coat protein subunits. MAb 13 recognized the native virus particles but not the coat protein subunits or fixed virus particles, whereas MAb 14 recognized only fixed virus particles (Table 1) .
Some of the MAbs were capable of recognizing individual strains of AMV, but this was dependent on the form of the antigen tested (Table 1) . MAbs 11 and 12 were shown to differentiate H4 from the other four strains of AMV. However, this strain was recognized by MAb 11 only when coat protein subunits were tested, and by MAb 12 only when native virus preparations were used. N20 AMV was distinguished from the other four virus strains with MAbs 6 and 4, but only when tested with fixed virus preparations (Table 1 ). $30 AMV was identified with MAb 3, but only when tested with native virus preparations. Finally, MAbs 10 and 9 were shown to be specific for the $40 and W1 strains of AMV, respectively, when tested with either native or fixed virus preparations but not their isolated coat proteins (Table 1) .
MAb 7 was interesting in that it could distinguish W1 AMV from the other four virus strains solely by its inability to react with native preparations of this virus strain (Table 1) . MAb 8 reacted with native or fixed virus preparations of all five AMV strains, but with the coat protein subunits of only three. On the other hand, MAb 2 recognized the coat protein subunits of all five AMV strains but failed to react with any of the native virus preparations. However, it did recognize fixed virus particles of $30 and $40 AMV (Table 1) .
Differentiation of AMV epitopes
Data presented in Table 1 also provide evidence for the presence of cryptotopes, neotopes and metatopes associated with AMV particles. MAb 11 must have reacted with a cryptotope, albeit of H4 AMV only, because it recognized the virus antigen only after dissociation of the particles into subunits.
Reactivities of seven of the MAbs listed in Table 1 (4, 9, 10 and 12 to 15) provided evidence for the existence of three types of neotopes associated with AMV particles. Firstly, MAbs 4, 9, 10 and 15 recognized neotopes present on both native and fixed virus particles. Secondly, MAb 14 recognized a neotope present only on fixed virus particles which must owe its existence to the effect of glutaraldehyde. Thirdly, MAbs 12 and 13 recognized a neotope which appears to have been destroyed or masked by glutaraldehyde fixation.
Reactivities of the other seven MAbs (1 to 3 and 5 to 8) also provided evidence for the existence of three types of metatopes associated with AMV particles (Table 1) . Firstly, MAbs 1, 3 and 6 to 8 appear to be conformationindependent as they reacted with regions exposed on native or fixed virus particles as well as on the surfaces of dissociated coat protein subunits. Secondly, MAb 2 appears to recognize a metatope which is exposed on viral coat protein subunits as a result of its binding to the surface of the polystyrene of ELISA plates or by its stabilization during glutaraldehyde fixation. Thirdly, MAb 5 appears to recognize a metatope which becomes destroyed or masked by fixation.
Analysis of AMV with MAbs by immunoblotting
The reactivities of MAbs 1 and 5, the two IgG antibodies which recognized the isolated coat proteins and native AMV particles of all five AMV strains, were further investigated by immunoblotting. MAb 1 recognized the polypeptides of all five AMV strains when virus preparations were dissociated in the presence of SDS and 2-mercaptoethanol (data not shown). This recognition appears to be specific to AMV because no reactions were detected in similar experiments with preparations of protein extracts from N. clevelandii (the host from which AMV was purified), or with preparations of tobacco mosaic virus (TMV), tomato aspermy virus (TAV) and several strains of cucumber mosaic virus (CMV) (data not shown). Although loadings of 500 rig/lane of each virus preparation were used in these experiments, the method was sufficiently sensitive to detect loadings of about 250 pg/lane. This sensitivity is similar to that observed when the gels were stained directly with silver (data not shown).
The structure of AMV coat protein subunits is dependent on the presence of disulphide bonds. This was demonstrated by an increase in the mobility of the proteins when electrophoresed under non-reducing conditions, i.e. in the absence of 2-mercaptoethanol in the dissociation buffer and without boiling prior to electrophoresis (Fig. 1) . Fig. l(b) shows this change in the mobility of proteins from the $30 and W1 AMV strains and Fig. 1 (a) shows that MAb 5 recognized both the reduced and non-reduced proteins. This indicates that the conformation of the epitope recognized was independent of the stabilizing disulphide bonds. Hajimorad & Francki (1989) reported that when coat protein subunits are prepared by a CaClz dissociation method, AMV coat proteins undergo proteolysis and 3) and nonreducing (lanes 2 and 4) conditions were subjected to electrophoresis in two similar 12~ polyacrylamide gels. Lanes 5 were loaded with 1 ~tg of Pharmacia protein markers. Proteins from one gel were transferred to nitrocellulose and probed wth 1 lag/ml of affinity-purified MAb 5 (a) and a sister gel was stained with silver (b).
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proteins of some virus strains are more prone to this than others. In experiments in which preparations of intact A M V particles and CaClz-prepared coat proteins were used for immunoblotting, both M A b s 1 and 5 recognized the intact virus polypeptides derived from the virus particles (Fig. 2) . However, whereas M A b 1 also recognized degradation products of the coat proteins (Fig. 2a) , M A b 5 failed to detect most of them (Fig. 2b) . This indicates that although both MAbs 1 and 5 recognize epitopes on the denatured proteins of all five A M V strains (Table 1) , they must recognize epitopes which differ in their location on the polypeptides.
Reactivity of MAbs in immunodiffusion tests
Only two (MAbs 5 and 8) of the 15 M A b s listed in Table  1 were capable of precipitating A M V antigens in immunodiffusion tests. Whereas M A b 5 produced clear precipitin lines in agarose gels irrespective of whether culture supernatants or affinity-purified antibodies were used, M A b 8 required the addition of polyethylene glycol to the agarose to induce precipitation with culture supernatants. A similar need of polyethylene glycol for precipitating MAbs has been reported by Goding (1986) . and 7) , W1 (lanes 8 and 9) and H4 (lanes 10 and 11) were subjected to electrophoresis in three separate 12 ~ polyacrylamide gels. (A preparation of SBMV proteins was placed in lane 1 as a control.) Proteins from two of the gels were transferred to nitrocellulose and probed with 100 ng/ml of affinity-purified MAb 1 (a) or MAb 5 (b); the third gel (c) was stained with silver. strains but failed to react with the viruses after fixation (Fig. 3) . This specificity is the same as that exhibited in ELISA (Table 1) . MAb 5 was specific for AMV because no precipitin lines were detected when protein preparations from N. clevelandii leaves, or preparations of CMV, were tested (Fig. 3) .
MAb 8 produced precipitin lines when tested against preparations of fixed but not of native AMV particles (Fig. 4) . This is interesting because the MAb reacted with both fixed and native virus preparations in ELISA (Table 1) . Moreover, the mouse from which MAb 8 was generated was immunized with preparations of only native AMVs and their coat proteins and not with fixed virus. An even more interesting property of MAb 8 is that it also reacted with preparations of both fixed and native CMV particles, producing spurs when native and fixed virus preparations were placed in adjacent wells (Fig. 5) . This unexpected reaction was specific because no precipitin lines were produced in tests with preparations of N. clevelandii leaf proteins or with native TAV, broad bean mottle bromovirus, southern bean mosaic (SBMV) and velvet tobacco mottle (VTMoV) sobemoviruses, tobacco ringspot nepovirus, red clover necrotic mosaic dianthovirus (RCNMV) and TMV (Fig. 4 and 5) . However, all of 12 serologically closely related but biologically distinct strains of CMV reacted with MAb 8 (data not shown). Intragel cross-absorption tests revealed that MAb 8 which reacted with the epitope on CMV particles could be removed with fixed CMV preparations (Fig. 6b) . However, after cross-absorption with native CMV, only the precipitin line between the MAb and native CMV was removed (Fig. 6c) , the line between MAb 8 and fixed CMV remained. 
Discussion
MAbs have been previously produced to AMV (Halk et al., 1984; Halk, 1986 ) and some of these were shown to recognize epitopes on both intact virus particles and dissociated coat protein subunits. However, others must have been directed to conformation-specific epitopes (neotopes) because they reacted with intact AMV particles but not with coat protein subunits (Halk, 1986) . Some of our MAbs appear to have similar characteristics. However, in addition, we have shown that some of our MAbs react with intact, fixed but not native AMV particles (e.g. MAb 14, Table 1 ). The ability of the MAbs to recognize epitopes on fixed but not native particles was unexpected because at no time were the mice from which the hybridomas were derived immunized with fixed virus preparations. Hence, the MAbs which react only with fixed AMV particles may recognize unstable epitopes which disappear as the virus particles undergo structural changes during the assay procedure. Unstable Fig. 6 . Reactions of MAb 8 in agarose gel-immunodiffusion tests prior to (a) and after intragel cross-absorption with glutaraldehydefixed (b) and native virus preparations (c) of a CMV strain. In (a), delipidized ascites fluid diluted 1:4 in 10 mM-phosphate buffer pH 7.0 was loaded in the well (Ab). Antibody wells (Ab) in (b) and (c) were first loaded with 15 gl of 1 mg/ml of glutaraldehyde-fixed and native virus preparations, respectively. After 16 h incubation at 25 °C, the same wells were recharged with a 1 : 4 dilution of the ascites fluid. Wells 1 and 2 were filled with 1 mg/ml of native and glutaraldehyde-fixed virus preparations, respectively. epitopes absent on native AMV particles have been previously detected on fixed AMV particles with polyclonal antibodies raised against isolated coat protein preparations (Hajimorad, 1989) . On the other hand, those MAbs which react only with native AMY particles (e.g. MAb 13, Table 1 ) may be directed against epitopes which become inaccessible due to particle stabilization during fixation.
Analysis of a panel of only 15 MAbs, as reported here, revealed the presence of at least three different types of neotopes, three metatopes and one cryptotope. This indicates that the AMV particle has at least seven epitopes. Further studies will be needed to establish a clearer picture of the antigenic complexity of the AMV particles and a larger panel of MAbs may well help in doing this.
Although all five of the AMV strains used in this study are antigenically very closely related (Hajimorad & Francki, 1988) , the panel of MAbs examined in this study showed a wide range of specificities when tested against them. Some of the MAbs reacted with all the AMV strains, but some strain-specific and groupspecific MAbs were also identified which recognized either cryptotopes, metatopes or neotopes. The identification of this wide range of specificities was dependent on the three different ELISA formats used for MAb screening.
It has been shown that some strain-specific and groupspecific antibodies to AMV can be prepared from polyclonal antisera by cross-absorption (Hajimorad, 1989) . However, this approach to the preparation of highly specific antibodies has obvious limitations due to the close antigenic relationships among strains of the virus. Data presented in this paper show that a wide range of strain-and conformation-specific MAbs to AMV can be generated by hybridoma technology. Although many of these highly specific MAbs will find various uses in studies on AMV, it must be realized that for many purposes these specificities could bring disadvantages. For example, for routine diagnostic purposes use of polyclonal antisera may offer much more reliable approaches to detection and identification of AMV.
Only two of the MAbs precipitated AMV in immunodiffusion tests but they recognized different epitopes. MAb 5 reacted with an epitope on native particles in both immunodiffusion tests and ELISA. However, MAb 8 recognized an epitope on all three AMV antigens used in ELISA but only on fixed virus particles in immunodiffusion tests. It seems that MAb 5 may have reacted with a conformationally altered epitope resulting from the binding of native virus particles to polyclonal antibodies adsorbed to the ELISA microtitre wells (Heinz et al., 1984; McCullough et al., 1985; Getzoff et al., 1987; Dekker et al., 1989; Kalmar & Eastwell, 1989) . It has been suggested that such antibodies may be generated as a result of presenting antigen-antibody complexes to the lymphoid systems of immunized animals during later stages of immunization (Heinz et al., 1984) . A similar alteration to the conformation of an epitope may also be induced by conditions during gelimmunodiffusion tests. On the other hand, the conformation of such an epitope on glutaraldehyde-fixed virus particles may remain unaltered due to stabilization of the particles (Hajimorad, 1989 ) and hence would not be detected either in ELISA or immunodiffusion tests. Nevertheless, we cannot exclude the possibility that fixation had altered or masked the epitope.
It seems that MAb 8 may have been directed against an epitope conformationally unstable in vitro, which was stabilized by fixation. Although not recognized in immunodiffusion tests, this epitope may have been stabilized in some way by binding to polyclonal antibodies and was therefore detectable by ELISA (Heinz et al., 1984; McCullough et al., 1985; Getzoffet al., 1987; Kalmar & Eastwell, 1989; Dekker et al., 1989) . The inability of MAbs 5 or 8 to precipitate AMV coat protein preparations in immunodiffusion tests is probably due to a lack of repeated epitopes on each coat protein subunit which are necessary to form a three-dimensional lattice.
Of the two MAbs which precipitated AMV antigens in immunodiffusion tests, MAb 8 had the unexpected property of also reacting with CMV. The possibility of an antigenic relationship between AMV and CMV is of considerable taxonomic interest and is being investigated further with polyclonal antibodies. Although the two viruses are classified in different groups (Matthews, 1982) , it has been suggested that they should be assigned to genera within a single virus family (van Vloten-Doting et al., 1981) . The reactivity of MAb 8 with both AMV and CMV could be due to multispecificity of functional sites on the antibody and not a conformational similarity of the epitopes (Lane & Koprowski, 1982) . Multispecific antibodies have been previously described for viral and non-viral antigens (Shukla et al., 1989; Richards & Konigsberg, 1973; Richards et al., 1975; Cameron & Erlanger, 1977; Lane & Koprowski, 1982; Ogata et al., 1987) .
The apparent recognition of one epitope on native and two on fixed CMV particles by MAb 8 raises the question of whether it was a mixture of MAbs. However, this seems unlikely because the hybridoma secreting the antibody was obtained after four cycles of limited dilution cloning. Furthermore, MAb 8 reacted only with antiserum to IgM in both ELISA and immunodiffusion tests. Nevertheless, if MAb 8 was indeed a mixture, it must still be concluded that fixation had preserved at least one unstable epitope on the CMV particles. MAbs with the ability to recognize multiple epitopes have been reported to occur for potyvirus antigens (Shukla et al., 1989) .
The finding that an antibody secreted by a hybridoma from a mouse immunized with AMV can also recognize CMV particles demonstrates the importance of using different unrelated antigens in MAb characterization strategies as well as employing different serological techniques in the screening. The reaction of MAb 8 with CMV would have gone undetected had immunodiffusion tests not been used.
